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Micromachined  Rectangular-Coaxial 
Transmission  Lines 

J.  Robert  Reid,  Member,  IEEE ,  Eric  D.  Marsh,  Member,  IEEE,  and  Richard  T.  Webster,  Senior  Member,  IEEE 


Abstract — Rectangular-coaxial  (recta-coax)  transmission  lines 
fabricated  through  a  three-dimensional  micromachining  process 
are  presented.  These  lines  are  shown  to  have  significant  advantages 
over  competing  integrated  transmission  lines  such  as  microstrip 
and  coplanar  waveguides.  Design  equations  are  presented  for 
impedance,  loss,  and  frequency  range.  The  equations  are  con¬ 
firmed  with  simulations  and  measurements.  The  quality  factor  of 
shorted  A/4  resonators  is  measured  to  be  156  at  60  GHz.  This 
corresponds  to  a  line  loss  of  0.353  dB/cm.  Advantages  of  these 
lines  for  passive  millimeter-wave  circuits  including  ease  of  signal 
routing,  high  isolation,  and  signal  crossovers  are  demonstrated 
with  realized  lines  and  couplers. 

Index  Terms — Coplanar  waveguides  (CPWs),  couplers,  filters, 
microstrip,  millimeter-wave  circuits,  resonators. 


I.  Introduction 

INCREASING  use  of  the  microwave  spectrum  combined 
with  the  demand  for  high  bandwidth  secure  communica¬ 
tions  is  increasingly  pushing  users  towards  millimeter-wave 
frequencies.  However,  the  design  of  circuits  above  30  GHz  is 
complicated  by  signal  crosstalk  and  the  tight  fabrication  tol¬ 
erances  required  to  ensure  accurate  reproduction  of  simulated 
circuit  designs.  Over  the  past  several  years,  the  development 
of  multilayer  electroplated  metal  micromachining  processes 
has  made  it  possible  to  realize  integrated  rectangular-coaxial 
(recta-coax)  transmission  lines  such  as  that  illustrated  in  Fig.  1. 
These  lines  have  the  potential  to  greatly  simplify  the  design  of 
passive  millimeter-wave  circuits. 

Recta-coax  lines  consist  of  a  rectangular  center  line  sus¬ 
pended  in  air  and  enclosed  on  all  sides  by  a  ground  plane. 
They  are  similar  to  microstrip  and  coplanar  waveguide  (CPW) 
lines  in  that  they  are  fabricated  using  thin-film  processing  on 
top  of  a  flat  substrate.  It  is,  therefore,  possible  to  route  the 
lines  along  any  two-dimensional  path.  Further,  the  lines  can 
be  integrated  on  top  of  substrates  such  as  silicon,  gallium  ar¬ 
senide,  and  alumina.  However,  recta-coax  lines  offer  significant 
advantages  over  both  CPW  and  microstrip  transmission  lines. 
First,  they  are  TEM  and  not  quasi-TEM,  mitigating  dispersion, 
thus  allowing  operation  over  a  very  broad  frequency  range  (dc 
to  over  200  GHz).  Second,  the  fields  are  completely  enclosed 
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Fig.  1.  Schematic  illustration  of  a  recta-coax  line  labeling  the  design  dimen¬ 
sions. 


by  the  ground.  Therefore,  two  lines  can  be  routed  very  close 
to  each  other.  More  importantly,  the  lines  can  easily  cross 
paths  without  significant  signal  interference.  Third,  the  design 
and  performance  of  the  lines  are  independent  of  the  substrate. 
This  eliminates  the  need  for  substrate  thinning,  and  allows  the 
substrate  to  be  chosen  based  on  parameters  such  as  cost  and 
the  requirements  of  active  devices.  It  also  allows  designs  to  be 
implemented  on  multiple  substrates  without  any  changes. 

The  earliest  investigations  of  micromachined  transmission 
lines  utilized  bulk  etching  of  silicon  to  form  lines  on  thin 
membranes  [1],  [2].  In  that  study,  the  lines  were  referred  to 
as  microshield  lines.  The  lines  were  implemented  as  coplanar 
transmission  lines  on  a  thin  membrane  with  an  air-filled  metal 
cavity  under  the  lines.  In  some  cases,  a  second  metal  cavity 
was  added  above  the  line  as  well  to  create  an  entirely  enclosed 
structure.  The  design  of  the  CPW  had  to  be  modified  to  account 
for  the  additional  capacitive  loading  of  the  added  cavity  ground 
planes.  In  addition,  removing  nearly  all  of  the  dielectric  allowed 
the  lines  to  operate  in  an  effectively  pure  TEM  mode  [2].  The 
lines  were  fabricated  by  bulk  etching  of  the  back  side  of  mul¬ 
tiple  silicon  wafers.  Metalizations  were  then  added,  and  two  or 
three  wafers  were  bonded  together.  In  subsequent  studies,  the 
microshield  lines  were  designed  to  take  on  more  of  a  microstrip 
style  and  then  used  in  a  large  variety  of  millimeter- wave  circuit 
demonstrations  [3] — [9].  Of  particular  note  is  the  exceptional 
millimeter-wave  filter  performance  achieved  [5]— [7] .  Unfor¬ 
tunately,  the  complexity  of  the  fabrication  has  limited  the 
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commercial  acceptance  of  the  microshield  lines.  One  attempt  to 
address  this  is  the  work  of  Melanovic  et  al.  [10],  [11],  in  which 
CPWs  were  also  formed  on  membranes.  However,  the  lines 
were  formed  using  post  processing  of  CMOS  wafers.  The  final 
bulk  etch  was  done  after  all  of  the  lines  were  patterned.  That 
approach  does  not  provide  a  cavity  around  the  CPW,  but  does 
eliminate  dielectric  losses.  Neither  of  these  approaches  allows 
the  flexibility  and  complex  routing  provided  by  the  recta-coax 
lines  described  in  this  paper. 

Approaches  utilizing  SU-8  and  polymer  films  to  create  mi¬ 
crostrip  on  a  thin  film  [  12],  CPW  on  thin  film  [13],  and  mem¬ 
brane-supported  CPW  lines  [14],  [15]  have  also  been  demon¬ 
strated.  These  polymer  approaches  typically  offer  simpler  fabri¬ 
cation,  but  for  microstrip  lines  offer  high  losses.  Very  low  losses 
(0.18  dB/cm  at  20  GHz)  have  been  reported  for  large  CPW  lines 
on  SU-8  films  by  etching  out  the  SU-8  in  the  gap  region  between 
the  lines.  However,  this  technique  is  not  suitable  for  multiple 
layers  of  transmission  lines.  In  the  case  of  membrane-supported 
CPW  lines,  relatively  low  losses  (0.7  dB/cm)  have  been  reported 
at  IP- band  when  the  line  is  fully  enclosed  [14];  however,  the  en¬ 
closure  process  is  not  detailed  and  is  not  inherent  to  the  line  as 
fabricated,  and  the  design  of  multiple  conductor  layers  would 
be  difficult  for  the  process  as  described. 

Over  the  past  several  years,  work  has  progressed  on  the  fab¬ 
rication  of  transmission  lines  using  electroplated  films  on  top  of 
the  substrate,  leading  to  the  realization  of  suspended  CPW  trans¬ 
mission  lines  [16]-[20]  and  recta-coax  lines  [  1 8]— [26] .  Demon¬ 
strations  of  couplers  and  filters  at  microwave  frequencies  have 
shown  the  potential  for  these  lines  to  simplify  the  design  of 
millimeter-wave  systems  [21],  [23]-[26].  This  paper  provides  a 
detailed  description  of  integrated  recta-coax  lines  including  de¬ 
sign  equations  for  impedance,  loss,  and  resonator  quality  factor. 
Calculations  from  these  equations  are  compared  with  Ansoft’s 
High  Frequency  Structure  Simulator  (HFSS)  [27]  simulations 
and  measured  values.  In  addition,  examples  of  the  transmission 
lines  are  provided,  including  lines  of  different  lengths,  lines  with 
bends,  and  60-GHz  couplers. 


II.  Recta-Coax  Design  Equations 


A.  Characteristic  Impedance 

The  characteristic  impedance  of  a  transmission  line  can  be 
calculated  as 


^o  = 


1 


Up  Clen 


(1) 


where  vp  =  2.998  •  108  (m/s)  is  the  phase  velocity  of  the  line, 
which  is  equal  to  the  speed  of  light  in  vacuum  for  an  air  core 
TEM  transmission  line,  and  Cien  is  the  capacitance  per  unit 
length  of  the  transmission  line.  It  is,  therefore,  only  necessary  to 
solve  for  the  capacitance  per  unit  length  between  the  center  line 
and  the  ground.  Chen  [28]  provides  equations  for  solving  this 
capacitance  over  a  range  of  possible  line  dimensions.  For  lines 


TABLE  I 

Possible  Line  Configurations  for  Integrated  Recta-Coax 


Line 

t 

tg 

Wg 

Grange 

Clen  (pF/m) 

Zo  (12) 

A 

28 

24 

50 

20-100 

47.8-106.7 

69.8-31.2 

B 

44 

16 

20 

20-100 

81.2-169.7 

41.1-19.7 

C 

33 

30 

65 

20-150 

44.3-121.0 

75.3-27.6 

D 

30 

32 

50 

20-150 

41.7-113.6 

80.0-29.4 

E 

30 

122 

150 

30-600 

26.3-108.9 

127.1-30.7 

(AH  dimensions  in  pm) 


where  the  width  and  thickness  are  larger  than  the  gaps  ( w  >  wg 
and  t.  >  tg),  the  capacitance  is  calculated  as 
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where  all  dimensions  are  defined  in  Fig.  1  and  e  =  eo  = 
8.85  pF/m  is  the  permittivity  of  the  dielectric.  Without  loss  of 
generality,  it  is  assumed  that  w  >  t.  For  lines  that  are  thin, 
i.e.,  /  <  tg,  the  corner  capacitances  cannot  be  considered 
independently  and  the  capacitance  is  calculated  as 
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Chen  does  not  provide  an  estimate  as  to  the  accuracy  of  these 
equations.  Weil  provides  a  review  of  the  methods  for  calculating 
this  capacitance  [29],  and  notes  that  Chen’s  work  is  based  on  the 
coupled  stripline  equations  developed  by  Cohn  [30],  and  these 
equations  are  only  valid  when  w  >  0.35(w;  +  2wg),  which  can 
be  approximated  by  the  condition  w  >  wg.  In  order  to  confirm 
the  validity  of  Chen’s  equations  and  get  an  approximation  of 
their  accuracy  for  the  types  of  lines  that  can  be  fabricated  with 
integrated  processes,  calculations  using  (2)  and  (3)  were  com¬ 
pared  with  finite-element  simulations  performed  using  Ansoft’s 
HFSS.  The  line  dimensions  used  for  this  comparison  are  shown 
in  Table  I.  Calculations  and  simulations  were  done  by  fixing 
t,  tg,  and  wg,  and  then  varying  w  over  the  range  shown  in  the 
tGange  column  in  Table  I.  When  using  the  equations  as  defined 
above,  the  calculated  value  was  within  4%  of  the  simulation  in 
all  cases.  While  this  is  not  a  rigorous  analysis,  it  does  give  us 
confidence  that  Chen’s  equations  are  accurate  for  the  lines  that 
can  be  realized.  More  exact  methods  of  calculating  this  capac¬ 
itance  for  these  cases  have  been  detailed  by  other  authors,  but 
are  not  considered  here  [3 1]— [37], 


B.  Line  Loss 

The  loss  of  a  transmission  line  is  evaluated  as  the  sum  of  con¬ 
ductor  and  dielectric  losses.  For  an  air  core  TEM  transmission 
line,  it  is  reasonable  to  ignore  the  dielectric  loss  and  calculate 
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only  the  conductor  loss  ac.  The  conductor  loss  is  calculated 
using  the  Wheeler  incremental  inductance  rule  as  [38] 


ac 


Plc_ 

2P0 


(4) 


where  Pi,,  is  the  power  loss  in  the  conductor  per  unit  length,  and 
P0  =  \V\2/{2Z0)  is  the  reference  power.  The  power  loss  can 
be  calculated  as 


Pic  =  \I\2R  = 


\i\2al 

(J/J,CS2 


(5) 


where  R  is  the  line  resistance,  A L  is  the  change  in  inductance 
when  all  conductor  walls  are  receded  by  an  amount  8S/ 2,  and  n, 
fj,c,  and  6g  =  y^2/ujnca  are  the  conductivity,  permeability,  and 
skin  depth  of  the  metal,  respectively.  Substituting  values  for  P;c 
and  P0  into  (4)  and  simplifying  results  in 


ac 


A  L 

a/j,c82Z0  ‘ 


(6) 


Since  the  inductance  is  related  to  the  characteristic  impedance 
as  Zo  =  Lvp ,  the  incremental  inductance  is  related  as  AZq  = 
A Lvp,  and  (6)  can  be  rewritten  in  terms  of  the  change  in  the 
characteristic  impedance  to  get 


AZ0 

cr^eVpSsZo 


(7) 


where  Zq  is  the  impedance  calculated  as  described  in 
Section  II-A,  and  AZo  is  the  change  in  the  impedance 
when  the  conductor  walls  are  receded  by  half  the  skin  depth 
of  the  conductor  8s/2.  This  equation  is  not  the  same  as  that 
reported  by  Lau  [39]  because  Lau  uses  the  approximation 
Zq{8s/2)  ~  Zq  +  ( 8s/2)(dZo/dl ).  While  this  approximation 
is  generally  accurate  for  good  conductors,  it  is  not  necessary 
given  the  widespread  availability  of  digital  computers  to  di¬ 
rectly  evaluate  AZq.  This  has  the  added  advantage  that  any 
method  for  calculating  Zq  including  simulation  can  be  used. 

The  conductor  loss  must  also  account  for  metal  roughness. 
This  is  done  by  adding  a  correction  factor  as  given  by  Edwards 
[40] 


an  =  ar 


1  -| — arctan 
7 r 


(8) 


where  ac  is  the  line  loss  as  calculated  using  (7)  and  A  is  the  rms 
surface  roughness  of  the  conductor. 

Since  line  loss  can  be  difficult  to  measure,  it  is  helpful  to 
extract  it  from  the  measured  quality  factor  of  a  resonator,  which 
can  be  measured  accurately.  The  line  loss  is  related  to  the  quality 
factor  for  shorted  A/4  resonators  by  [38] 


/ 3  ir 
2  a!c  a!c  A 


(9) 


C.  Frequency  Range 

A  transmission  line  is  typically  used  at  frequencies  where 
only  one  mode  is  not  cutoff.  For  TEM  transmission  lines,  the 
lower  cutoff  frequency  is  0  Hz,  or  dc.  The  upper  frequency 
cutoff  is  set  by  the  next  lowest  mode  that  will  propagate  on 
the  transmission  line.  Gruner  has  shown  that  the  mode  with  the 
lowest  cutoff  frequency  for  a  recta-coax  line  will  always  be  ei¬ 
ther  the  TEio  or  TEoi  mode  [41].  Further,  because  of  sym¬ 
metry,  these  modes  are  the  same  as  the  modes  in  ridged  wave¬ 
guide.  The  cutoff  frequency  fc  of  the  TEio  mode  in  a  ridged 
waveguide  occurs  when  [42] 


B 

Y* 


=  0  (10) 


where  c  =  2.998  •  108  (m/s)  is  the  speed  of  light  in  vacuum  and 
B/Yc i  is  a  shunt  susceptance  associated  with  the  discontinuity 
created  by  the  ridge.  An  approximation  for  the  shunt  suscep¬ 
tance  can  be  calculated  using  [42] 
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where  u  =  2 wg/ ( w  +  2 wg).  The  accuracy  of  this  equation  will 
degrade  when  u  <  0.5.  However,  in  this  range,  the  susceptance 
is  not  the  primary  factor  in  (10)  and,  thus,  the  net  effect  on  ac¬ 
curacy  is  negligible.  To  find  the  lowest  cutoff  frequency,  it  is 
necessary  to  calculate  both  the  TEio  and  TEoi  cutoff  frequen¬ 
cies.  The  TEoi  cutoff  frequency  can  be  found  using  the  same 
equations,  but  with  the  widths  and  thicknesses  swapped.  A  good 
practice  to  ensure  that  operation  is  well  below  the  cutoff  fre¬ 
quency  is  to  include  a  15%  buffer  in  the  final  calculation  of  the 
maximum  operating  frequency  /max,  resulting  in 


/max  —  0.85  •  min(/Cjio,  fc, oi)-  (12) 


III.  Fabrication 

All  of  the  devices  presented  in  this  paper  were  fabricated 
through  a  commercially  available  three-dimensional  (3-D)  mi¬ 
crofabrication  process  called  EFAB.  The  authors  fabricated  de¬ 
vices  using  a  foundry  model  where  design  and  simulation  were 
done  in-house.  Design  files  were  then  submitted  to  the  vendor, 
Microfabrica  Inc.,  for  fabrication  under  contract  and  the  devices 
were  returned  to  the  authors  for  testing.  A  detailed  description 
of  the  process  is  not  within  the  scope  of  this  paper.  However,  a 
basic  understanding  of  the  process  is  essential  as  it  impacts  the 
design  of  the  transmission  lines.  Additional  details  on  EFAB  are 
available  in  [43]  and  is  also  available  online.1 

The  EFAB  process  begins  with  a  planar  surface  that  is  suitable 
for  electroplating.  On  top  of  this  surface,  the  following  three 
steps  are  repeated  for  each  desired  layer. 

Step  1)  A  patterned  sacrificial  layer  is  deposited  onto  the 
substrate. 

'[Online],  Available:  http://www.microfabrica.com 
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Fig.  2.  Schematic  illustration  of  the  fabrication  of  an  AFRL  logo  using  the 
EFAB  process.  (0)  Process  begins  with  planar  substrate.  (1)  Patterned  layer 
is  then  deposited  followed  by  (2),  blanket  deposition  of  a  second  layer.  (3) 
Top  surface  is  then  planarized.  Steps  (l)-(3)  are  repeated  to  create  the  desired 
number  of  layers,  as  shown  in  (4).  (5)  Finally,  the  sacrificial  layer  is  removed  re¬ 
sulting  in  the  desired  structure.  A  scanning  electron  micrograph  (SEM)  picture 
of  the  realized  structure  is  shown.  (Color  version  available  online  at:  http://iee- 
explore .  ieee .  org. ) 

Step  2)  A  second  layer,  i.e.,  the  structural  layer,  is  blanket 
deposited  over  the  entire  substrate. 

Step  3)  The  top  surface  is  planarized  to  create  a  single  layer 
of  uniform  thickness  with  two  separate  materials. 
After  all  of  the  layers  are  completed,  the  sacrificial  layer  is  re¬ 
moved  via  a  chemical  etch  leaving  the  structural  layers  to  form 
the  desired  structure.  A  schematic  illustration  of  this  process 
flow  is  provided  in  Fig.  2.  The  process  is  fundamentally  the 
same  as  a  sacrificial  surface  micromachining  process,  with  two 
critical  distinctions.  First,  the  layers  in  this  process  are  typi¬ 
cally  much  thicker  («  2-40  //,m)  than  in  surface  microma¬ 
chining  (ta  0.5-4  //m  ).  Second,  the  planarization  allows  signif¬ 
icantly  more  layers  (^>10)  than  are  common  in  surface  micro¬ 
machining.  In  the  study  reported  here,  three  separate  fabrication 
builds  were  done.  The  first  two  builds  had  12  layers,  while  the 
third  had  26  layers.  Each  run  had  different  layer  thicknesses  so 
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Fig.  3.  SEM  picture  showing  the  transition  from  the  CPW  probe  pads  to  recta- 
coax  line  of  type  A.  The  line  was  fabricated  with  12  layers  of  nickel.  Scalloping 
can  be  seen  between  each  of  the  layers. 


that  the  final  realized  lines  had  different  dimensions.  Lines  of 
type  A  and  B  from  Table  I  could  be  realized  in  build  1 ,  lines  of 
type  C  could  be  realized  in  build  2,  and  lines  of  type  D  and  E 
could  be  realized  in  build  3. 

In  addition  to  EFAB,  these  transmission  lines  can  be  fabri¬ 
cated  in  a  number  of  other  processes.  Custom  processes  are 
available  either  through  in-house  development  or  at  several 
universities  [  16]— [20],  [44]— [46] .  In  addition,  the  Defense 
Advanced  Research  Projects  Agency  (DARPA)  3-D  microelec  - 
tromagnetic  RF  systems  (MERFS)  program  aims  to  develop  a 
low-cost  multilayer  process  utilizing  copper  as  the  structural 
material.  This  process  uses  layers  that  are  even  thicker  than  the 
EFAB  layers  to  minimize  the  number  of  masking  steps  and, 
thus,  reduce  the  costs  for  recta-coax  lines.2 

IV.  Results 

A.  Impedance 

Designing  recta-coax  lines  using  a  layered  sacrificial  process 
such  as  EFAB  requires  certain  considerations.  The  layered  na¬ 
ture  of  these  processes  can  result  in  scalloping  at  the  layer  inter¬ 
faces,  as  is  visible  in  Fig.  3.  In  order  to  mitigate  any  effects  this 
might  have  on  the  impedance  of  the  lines,  all  of  our  lines  are  de¬ 
signed  so  the  ratio  of  linewidth  to  gap  thickness  is  always  greater 
than  the  ratio  of  thickness  to  gapwidth  or  (w/tg)  >  ( t/wg ). 
Thus,  the  capacitance  from  the  signal  line  is  always  dominated 
by  the  capacitances  associated  with  the  top  and  bottom  ground 
planes  and  the  capacitance  to  the  sidewalls  is  reduced.  In  addi¬ 
tion  to  the  scalloping,  there  is  some  concern  with  layer-to-layer 
misalignment.  To  date,  neither  of  these  concerns  has  had  a  mea¬ 
surable  effect  on  our  devices.  In  addition  to  these  concerns,  sac¬ 
rificial  etching  requires  the  regular,  but  not  necessarily  periodic, 
spacing  of  etch  access  holes.  These  holes  are  visible  in  Fig.  4. 
However,  the  design  constraint  mentioned  above  also  mitigates 
this  problem.  Preliminary  electromagnetic  simulations  indicate 

2[Online],  Available:  http://www.darpa.mil/MTO/people/pms/evans/ 

3dmerfs.html 
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Fig.  4.  SEM  picture  showing  the  ports  for  two  60-GHz  bandpass  filters.  Etch 
access  holes  are  visible  on  the  sidewalls  of  the  filters. 


Fig.  5.  Impedance  of  three  different  lines  plotted  as  a  function  of  linewidth. 
The  continuous  lines  are  modeled  values,  while  the  discrete  points  are  simulated 
values. 


that  etch  holes  have  only  a  negligible  effect  when  the  transmis¬ 
sion  lines  are  used  for  signal  routing  and  nonresonant  devices. 
However,  in  resonator  designs,  the  etch  holes  may  play  a  more 
significant  role,  and  further  investigations  are  required. 

Recta-coax  lines  are  designed  by  first  selecting  /,  and  tg 
based  on  selected  layer  thicknesses.  Next,  wg  is  fixed  so  that 
the  sidewall  capacitance  is  lower  than  the  top  and  bottom  wall 
capacitances.  Based  on  this,  calculations  of  the  characteristic 
impedance  were  compared  to  HFSS  simulations  for  lines  of 
type  A,  D,  and  E  in  Table  I.  These  geometries  were  specifically 
chosen  to  cover  a  wide  range  of  possible  aspect  ratios.  The  re¬ 
sults  of  these  calculations  are  shown  in  Fig.  5.  The  calculations 
based  on  (l)-(3)  agree  well  with  the  simulated  port  impedances 
with  the  only  significant  (>2%)  variations  occurring  for  line 
type  E  at  high  impedances  over  115  £1  This  is  not  surprising, 
as  these  lines  violate  the  w  >  wg  accuracy  criteria  for  the 
capacitance  model.  The  width  required  to  achieve  a  50-11  line 
for  types  A-E  is  reported  in  Table  II  in  the  u^o  column.  As  can 
be  seen,  lines  of  type  B  are  not  realistic  due  to  the  very  narrow 
width  required  to  achieve  50  £7.  Lines  of  the  other  four  types 
have  been  realized  in  three  separate  fabrication  runs. 

Fig.  6  shows  a  comparison  of  the  measured  and  simulated 
characteristic  impedance  Zq  of  recta-coax  lines.  The  impedance 
was  calculated  from  both  the  measured  and  simulated  ^-param¬ 
eters  using  the  conventional  single-line  technique  described  in 
[47],  The  cross-sectional  dimensions  of  the  line  are  those  of  Line 
A  in  Table  I,  with  the  center  conductor  width  at  47  /tm,  corre¬ 
sponding  to  a  simulated  port  impedance  of  50  11.  The  measured 
lines  are  nominally  identical  with  a  length  of  1. 1  mm.  The  vector 
network  analyzer  was  calibrated  to  a  reference  impedance  of 
50  £7  at  the  probe  tips  using  the  short,  open,  load,  thru  (SOLT) 
method  with  the  probe  manufacturers  calibration  substrate.  The 
measured  S'-parameters  include  effects  of  the  coplanar-to-recta- 
coax  transition,  while  the  electromagnetic  simulation  does  not 
include  transitions.  The  mean  value  of  the  measured  Zq  over 
the  measured  frequency  range  is  48.11  —  y’O.O-l  £7.  This  com¬ 
pares  well  with  the  mean  value  of  the  simulated  Zq  at  48.05.  — 
j0.82  £7. 


TABLE  II 

50  Q  Linewidths  and  Maximum  Operating  Frequencies 
for  Different  Recta-Coax  Lines 


Line 

W50  (Atm) 

fmax  (GHz) 

A 

47 

741.3 

B 

7 

1,591.1 

C 

60 

579.2 

D 

65 

672.5 

E 

309 

201.6 
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Fig.  6.  Characteristic  impedance  Z0  of  measured  recta-coax  lines  is  compared 
to  Z0  of  an  electromagnetic  simulation  of  the  lines.  The  line  dimensions  are 
those  of  Line  A  in  Table  I,  with  a  center  conductor  width  of  47  /im,  corre¬ 
sponding  to  a  simulated  port  impedance  of  50  ft.  The  measured  lines  are  nom¬ 
inally  identical  with  a  length  of  1 . 1  mm.  Coplanar  to  recta-coax  transitions  are 
included  in  the  measurements. 


B.  Line  Loss 

The  loss  for  lines  A,  D,  and  E  was  calculated  using  (7)  and  (8). 
The  loss  for  these  lines  fabricated  in  nickel  (cr  =  1.45  •  105  s/m) 
is  presented  in  Fig.  7  in  terms  decibels/centimeter.  For  all  of 
the  loss  calculations,  a  surface  roughness  of  A  =  0.065  /tm  is 
used.  This  value  was  measured  from  the  top  surface  of  the  build 
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Fig.  7.  Modeled  line  loss  for  50-Q  nickel  lines  of  types  A,  D,  and  E. 

1  recta-coax  signal  lines  using  a  optical  profilometer.  Based 
on  (8),  this  increases  the  loss  of  the  nickel  lines  by  less  than 
3%  over  the  entire  frequency  range.  At  the  time  of  fabrication, 
nickel  was  the  only  metal  available  through  EFAB.  Metals  such 
as  gold,  copper,  and  silver  offer  significantly  lower  losses,  and 
Fig.  8  provides  a  comparison  between  line  type  D  in  nickel, 
gold,  and  copper  to  circuit  simulations  of  50-0  microstrip  on 
50-/im-thick  GaAs  and  50-0  CPW  on  sapphire.  The  microstrip 
line  has  a  width  of  35  jj, m  and  is  simulated  with  a  2-/rm-thick 
gold  metallization.  This  line  was  chosen  because  50-//m  GaAs 
is  an  industry  standard.  The  CPW  line  dimensions  are  those 
used  in  the  design  of  microwave  microelectromechanical  sys¬ 
tems  (MEMS)  switches  at  the  Air  Force  Research  Laboratory 
(AFRL),  Hanscom  AFB,  MA  [48],  [49],  These  lines  are  also 
simulated  with  a  2-/im-thick  gold  metallization.  Recta-coax  line 
type  D  was  chosen  because  it  yields  lines  that  are  generally  com¬ 
parable  in  size.  A  50-0  line  of  type  D  has  a  total  width  of  195  //m 
including  the  line,  gaps,  and  ground  walls.  This  is  significantly 
more  than  the  3 5 -/tm -wide  microstip.  However,  the  microstrip 
line  generally  needs  a  buffer  of  at  least  1.5-2  linewidths  on 
each  side,  resulting  in  a  total  path  width  that  is  140-175  /un. 
As  shown  in  the  comparison,  recta  coax  is  relatively  low  loss 
in  terms  of  decibels/centimeter  even  when  it  is  fabricated  with 
nickel. 

While  the  loss  per  unit  length  is  important  for  signal  routing 
across  a  die,  many  circuits  are  more  concerned  with  loss  as  a 
function  of  electrical  length.  In  this  case,  loss  per  wavelength 
(aA)  or  resonator  quality  factor  (Q res)  are  more  appropriate 
measures  of  line  performance.  From  (9),  it  is  clear  that  quality 
factor  is  inversely  proportional  to  the  loss  per  wavelength.  Since 
resonator  quality  factor  can  be  measured  accurately,  indepen¬ 
dent  of  the  calibration,  quality  factor  is  presented  here.  The 
quality  factor  of  A/4  shorted  resonators  is  presented  in  Fig.  9 
for  line  type  E  with  nickel,  gold,  and  copper  metallizations. 
For  comparison,  the  calculated  loss  of  50-0  microstrip  lines 
on  a  1 5-//,m-thick  fused  silica  substrate  are  also  provided.  On 
1 50-/i, m-thick  silica,  the  microstrip  lines  are  calculated  to  be 
324-^tm  wide.  The  microstrip  line  loss  is  calculated  using  Ag¬ 
ilent  ADS  with  a  2-//,m-thick  gold  line.  Recta-coax  resonators 


Frequency  (GHz) 

Fig.  8.  Comparison  of  the  modeled  line  loss  for  recta-coax  line  type  D  with 
50-0  microstrip  line  on  a  50-pm-thick  GaAs  substrate,  and  a  50-0  CPW  on 
a  sapphire  substrate  with  a  linewidth  of  80  /im  and  a  gap  of  40  // m.  Both  the 
microstrip  and  CPW  lines  are  simulated  using  2-fi  m-lhick  gold. 


Frequency  (GHz) 

Fig.  9.  Measured  quality  factor  of  nickel  A/4  resonators  compared  with  mod¬ 
eled  quality  factors  for  lines  of  different  metallizations  and  a  50-0  microstrip 
line  on  1.40-//m  lliick  fused  silica  with  a  2-ji  m  thick  gold  metallization. 

fabricated  with  nickel  have  lower  quality  factors  than  the  mi¬ 
crostrip  lines.  However,  when  gold  or  copper  are  used,  the  recta- 
coax  compares  well  with  the  microstrip  line.  The  final  choice 
of  a  metal  must  also  consider  the  mechanical  properties  of  the 
material  and  environmental  factors  such  as  corrosion.  While 
nickel  has  relatively  low  conductivity,  it  has  a  relatively  high 
Young’s  modulus,  leading  to  mechanical  strength  and  rigidity. 
This  allows  nickel  lines  to  be  suspended  for  several  millimeters 
without  significant  deviation  from  the  design  parameters.  We 
are  currently  investigating  plating  the  nickel  lines  with  gold  to 
provide  a  mechanically  strong  line  with  low  electrical  loss.  At 
millimeter-wave  frequencies,  a  nickel  line  plated  with  1-2  fj, m 
of  gold  would  provide  good  mechanical  strength,  low  electrical 
loss,  and  a  corrosion  resistant  surface.  The  loss  calculations  are 
verified  by  measuring  the  quality  factors  of  A/4,  line  type  E, 
shorted  resonators  at  44  and  60  GHz.  Measurements  were  taken 
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Fig.  10.  Measured  phase  of  S21  versus  frequency  for  four  recta-coax  lines  and 
the  deviation  from  linear  phase  indicate  low  dispersion.  The  line  dimensions  are 
those  of  line  A  in  Table  I,  with  a  center  conductor  width  of  47  /im,  corresponding 
to  a  simulated  port  impedance  of  50  Q.  The  line  lengths  are  0.2,  1.1,  1.6,  and 
3.2  mm.  Coplanar  to  recta-coax  transitions  are  included  in  the  measurements. 


Fig.  11.  TRL  calibration  set.  The  thru  is  the  short  line  in  the  lower  left.  The 
lines  are  1.1-  and  1.6-mm  long.  The  four  reflect  standards  are  implemented  to 
facilitate  easy  probing. 


on  nine  44-GHz  resonators,  and  ten  60-GHz  resonators  located 
on  five  different  die.  The  average  measured  quality  factors  were 
142.8  and  155.8  at  44  and  60  GHz,  respectively.  These  values 
are  slightly  below  the  HFSS  simulations  (145  and  169,  respec¬ 
tively)  and  the  calculated  values  (150.9  and  175.7,  respectively), 
but  are  generally  in  good  agreement.  This  corresponds  to  a  line 
loss  of  0.282  dB/cm  at  44  GHz  and  0.353  dB/cm  at  60  GHz. 

C.  Dispersion  and  Group  Velocity 

The  measured  transmission  phase  for  four  50-0  lines  shown 
in  Fig.  10.  The  line  lengths  are  0.2,  1.1,  1.6,  and  3.2  mm  and 
the  corresponding  group  delays  obtained  from  a  linear  fit  to  the 
phase  curves  are  2.68,  5.76,  7.43,  and  12.83  ps.  These  mea¬ 
surements  were  taken  using  a  SOLT  calibration  and,  therefore, 
do  include  coplanar-to-recta-coax  transitions.  The  deviation 
from  linear  phase  remains  within  +/— 0.02  rad,  except  for  a 
few  spikes  above  50  GHz.  A  linear  regression  of  the  delays  on 
the  line  lengths  gives  a  group  velocity  of  2.958  •  108  m/s.  This 
value  is  within  1.5%  of  the  speed  of  light  expected  for  an  air 
dielectric  recta-coax  line. 

D.  Operation  Frequency 

The  operational  frequency  ranges  for  50-fl  recta-coax  lines  of 
types  A-E  calculated  using  ( 10)— (12)  are  presented  in  Table  II. 
It  can  be  seen  that  for  types  A-D,  the  maximum  operating  fre¬ 
quencies  are  well  in  excess  of  500  GHz,  while  for  type  E,  it  is 
over  200  GHz. 

E.  Thru-Reflect-Line  (TRL)  Calibration  Standard 

In  order  to  facilitate  measurements,  a  TRL  calibration  set 
is  implemented  on  chip  with  each  die.  The  TRL  from  our 
first  build  was  implemented  using  50-fl  lines  of  type  A.  This 
cal  set  is  shown  in  Fig.  11.  Measurements  are  taken  using 
ground-signal-ground  probes  with  a  0.15-mm  center-to-center 
spacing.  Since  the  coax  can  not  be  directly  probed,  it  was 
necessary  to  terminate  the  lines  in  a  thick  CPW  section  that  is 


designed  to  have  a  50-fl  characteristic  impedance.  This  CPW 
section  extends  0.2  mm  from  the  beginning  of  the  recta-coax. 
It  is  designed  so  that  the  center  conductor  does  not  have  to 
change  height  or  width,  but  there  is  a  transition  in  the  ground  at 
the  entrance  to  the  recta-coax. 

The  TRL  set  includes  a  0.2-mm  thru,  multiple  reflect  stan¬ 
dards  that  have  0.1  mm  of  line  length,  1.1-  and  1.6-mm  lines. 
As  a  result,  the  TRL  calibration  sets  the  measurement  reference 
plane  0.1  mm  in  from  the  entrance  to  the  recta-coax.  Using  the 
TRL  set  will  then  exclude  any  effects  caused  by  the  transitions 
from  probe  to  CPW  to  recta  coax.  The  accuracy  of  the  TRL  cali¬ 
bration  is  generally  best  when  the  electrical  length  of  the  lines  is 
30°-150°  Therefore,  this  TRL  set  is  good  from  16.7  to  125  GHz. 
Typically,  when  the  TRL  calibration  set  is  used,  measurements 
are  taken  from  30  to  67  GHz. 

F.  Line  With  Bends 

One  of  the  reported  advantages  of  these  lines  is  their  ability 
to  turn  corners  without  significant  design  issues.  As  such,  a 
demonstration  line  was  fabricated  with  four  90°  bends.  This  line 
is  shown  in  Fig.  12.  The  total  length  of  the  bent  line  is  3.2  mm 
measured  on  a  path  running  along  the  center  of  the  line  with 
cross-sectional  dimensions  of  line  type  A.  Fig.  13  shows  the 
measured  scattering  parameters  for  the  3.2-mm  line  with  four 
bends  compared  to  a  3.2-mm  straight  line.  The  two  lines  ap¬ 
pear  almost  identical  with  the  average  loss  always  within  0.3  dB. 
Measurements  from  multiple  lines  typically  show  the  bent  lines 
to  have  5°-10°  less  phase  shift  at  60  GHz.  However,  an  accu¬ 
rate  characterization  of  the  bend  will  require  implementing  it 
in  a  resonator  type  structure.  As  is  clear  in  Fig.  12,  the  line  is 
routed  in  an  S-configuration  with  all  three  sections  close  to  each 
other.  The  ground  lines  are  spaced  54  /tm  apart  for  a  center  to 
center  spacing  of  302  )_ tm.  This  is  only  possible  because  of  the 
signal  isolation  achieved  by  having  and  enclosed  TEM  line,  and 
this  feature  of  the  transmission  lines  can  be  used  to  make  de¬ 
vices  like  branch-line  couplers  significantly  more  compact,  as 
demonstrated  by  Chen  et  al.  [21], 
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Fig.  12.  3.2-mm  line  (50-S2  type  A)  with  four  90°  bends. 


Fig.  14.  SEM  picture  showing  a  60-GFlz  branch-line  coupler. 


Fig.  13.  Measured  scattering  parameters  for  two  3.2-mm-long  lines.  One  of  the 
lines  is  straight  while  the  other  has  four  90°  bends. 


G.  60-GHz  Branch-Line  Coupler 

In  order  to  demonstrate  the  performance  of  these  transmis¬ 
sion  lines,  a  branch-line  coupler  was  realized  at  60  GHz  [23], 
The  coupler  can  be  seen  in  Fig.  14,  and  Table  III  provides  the 
widths  and  characteristic  impedances  for  the  two  arms.  Over  a 
10%  bandwidth  (57-63  GHz),  the  two  coupled  lines  have  mea¬ 
sured  average  insertion  loss  of  —3.625  and  —3.870  dB.  The 
measured  insertion  loss  of  these  paths  is  within  0.25  dB  of  the 
design  simulation,  while  the  measured  phase  is  within  5°  of  the 
original  simulation.  In  order  to  save  space  on  the  die,  a  second 
test  structure  was  inserted  inside  the  coupler.  The  inserted  test 
structure  places  metal  walls  50  pm  from  the  cross  arms  of  the 
branch-line  coupler.  This  structure,  visible  in  Fig.  14,  is  an  un¬ 
related  test  structure  and  was  not  included  in  any  of  the  coupler 
simulations. 


TABLE  III 

Line  Dimensions  for  a  60-GFIz  Branch-Line  Coupler  Using  Line  Type  A 


Line 

t 

w 

tfJ 

lUg 

Length 

Z0(Q.) 

LI 

0.028 

0.024 

0.086 

0.05 

1.26 

35.6 

L2 

0.028 

0.024 

0.046 

0.05 

1.26 

51.4 

(All  dimensions  in  mm) 


H.  Cross  Overs 

In  the  third  build,  a  six-port  coupler  was  implemented.  This 
coupler  is  shown  in  Fig.  15.  Detailed  design  and  testing  of  this 
coupler  are  provided  in  [25];  however,  the  coupler  is  shown  here 
because  the  physical  implementation  requires  lines  that  cross 
over.  These  cross  overs  are  shown  in  Fig.  15.  Simulations  of  the 
coupler  showed  no  significant  crosstalk  between  the  two  line 
layers.  As  with  the  branch-line  coupler,  the  measured  coupler 
performs  exactly  as  designed. 


V.  Discussion 

Design  equations  for  recta-coax  lines  have  been  presented 
for  impedance,  loss,  and  frequency  range.  Calculations  of 
impedance,  loss,  and  resonator  quality  factor  are  shown  to  be 
in  good  agreement  with  full-wave  electromagnetic  simulations 
over  a  range  of  design  parameters.  Measured  line  impedance  is 
shown  to  agree  very  well  with  simulated  line  impedance  over 
a  wide  frequency  range.  Measured  lines  showed  losses  consis¬ 
tent  with  the  calculated  values.  However,  for  better  accuracy, 
resonators  were  measured  at  two  frequencies  and  are  shown  to 
be  in  good  agreement  with  predictions.  In  addition,  the  group 
velocity  of  the  lines  was  measured  and  the  line  dispersion  was 
shown  to  be  very  low  up  to  67  GHz. 

Integrated  recta-coax  lines  offer  significant  advantages  over 
microstrip  and  CPW  lines  for  millimeter-wave  circuit  design. 
We  have  presented  many  of  these  advantages  here  and  in  pre¬ 
vious  work  including  low-loss  1 80°  bends,  signal  cross  overs, 
and  isolation  of  signals.  Recta-coax  lines  have  also  been  shown 
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(a) 

Input  Port 


(b) 


Fig.  15.  (a)  SEM  picture  of  a  six-port  coupler.  The  six  circular  structures  are 
probe  ports  used  for  testing.  The  couplers  ports  are  located  at  the  junctions.  The 
probe  ports  are  connected  the  coupler  ports  by  transmission  lines  running  under 
the  coupler  and  then  rising  up  to  the  coupler  signal  lines,  as  illustrated  in  the 
a-a  cutaway  shown  in  (b).  (Color  version  available  online  at:  http://ieeexplore. 
ieee.org.) 


to  have  relatively  low  losses  compared  to  both  microstrip  and 
CPW  lines.  This  is  true  when  considering  loss  over  a  given  dis¬ 
tance  (decibels/centimeters),  loss  per  wavelength,  or  resonator 
quality  factor.  Due  to  the  air  dielectric,  recta-coax  resonators  are 
physically  longer  than  either  microstrip  or  CPW  resonators  at 
the  same  frequency,  but  even  when  the  recta-coax  lines  are  fab¬ 
ricated  with  nickel,  the  resulting  quality  factor  is  comparable. 
The  eventual  use  of  either  plated  lines  or  copper  lines  will  dra¬ 
matically  improve  the  quality  factor  of  recta-coax  resonators. 
The  ability  to  repeatably  realize  resonators  with  quality  factors 
above  100  will  make  this  technology  suitable  to  applications  in¬ 
cluding  filters  and  oscillators. 

Recta-coax  lines  do  require  a  more  complicated  fabrication 
process  than  either  CPW  or  microstrip  lines.  At  this  time,  it  is 
not  possible  to  do  an  accurate  cost  comparison  between  the  tech¬ 
nologies  because  the  recta-coax  processes  are  still  relatively  im¬ 
mature.  However,  as  this  technology  develops,  this  comparison 
will  need  to  take  into  account  the  reduced  design  cost  that  should 
be  possible  with  recta-coax  lines.  Reduced  design  costs  are  an¬ 
ticipated  because  recta-coax  lines  can  be  designed  independent 
of  the  substrate  and  independent  of  the  surrounding  environ¬ 
ment.  As  an  example,  we  have  presented  a  branch-line  coupler 
and  noted  that,  after  the  design  was  completed,  a  structure  was 
added  to  the  center  area  of  the  coupler  with  no  effect  on  sim¬ 
ulated  performance.  In  fact,  at  this  point,  all  of  the  designs  we 
have  completed  have  been  done  independently,  and  then  placed 


on  the  substrate  considering  only  the  need  to  physically  probe 
the  devices.  This  greatly  simplifies  the  design  issues  involved  in 
millimeter-wave  circuits,  and  can  possibly  lead  to  a  much  higher 
level  of  integration. 
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